Herpes simplex virus virions contain one or more functions which mediate shutoff of host protein synthesis, disaggregation of host polyribosomes, and degradation of host mRNA. We studied aspects of the host shutoff mechanism by using herpes simplex virus type 1 mutants deficient in virion-induced shutoff of host protein synthesis (G. S. Read and N. Frenkel, J. Virol. 46:498-512, 1983). Shutoff of host protein synthesis by the wild-type virus was associated with degradation of host mRNAs, including 0-actin, a-tubulin, and heat shock protein 70. In contrast, the virion host shutoff (vhs) mutants were deficient to various degrees in their ability to induce host mRNA degradation; the extent of mRNA degradation correlated well with the extent of inhibition of host protein synthesis. This finding suggests that inhibition of host protein synthesis and degradation of host mRNA were mediated by the same virion-associated function. Virion-induced degradation of host mRNA was not prevented by inhibitors of ribosome translocation, nor could it be augmented, for mutant vhs-i, by drugs which disaggregate polyribosomes. This suggests that mRNA in polyribosomes, as well as nonpolyribosomal mRNA, is susceptible to virion-induced degradation. Finally, the half-life of viral transcripts was also prolonged in cells infected with the vhs-1 mutant virus, suggesting that the vhs function indiscriminately decreased the half-lives of both host and viral mRNAs. The vhs function may thus play a dual role in virus infection. (i) It inhibits host gene expression, and (ii) it enables rapid transitions in the expression of viral genes which are sequentially transcribed as infection progresses.
Infection of cultured cells with herpes simplex virus type 1 or 2 (HSV-1 or HSV-2) results in rapid inhibition of host protein synthesis (45) , disaggregation of host polyribosomes (53; reviewed in reference 10), and reduction of host mRNA levels (1, 19, 20, 31, 35-38, 41, 48, 50, 51) .
The shutoff process has been divided operationally into two stages: primary shutoff, which is mediated by a virion component(s), and secondary shutoff, which requires prior expression of viral genes (37; reviewed in reference 10). Inhibition of host protein synthesis and disaggregation of host polyribosomes have been shown to occur at least in part in the primary phase in that they were observed in cells infected in the presence of actinomycin D, during infections with UV light-irradiated virus, and in enucleated infected cytoplasts (1, 13, 24a, 37, 38, 43, 48) . In some cell types, enhanced degradation of host mRNA was shown to occur only in the secondary phase (20, 38) . In Vero cells, however, enhanced degradation of translatable (12) and hybridizable (1, 48) mRNA is caused by HSV virions. It is at present unclear whether one or more virion components are involved and in what way cessation of host protein synthesis, disaggregation of host polyribosomes, and degradation of host mRNA are mechanistically linked.
A number of HSV-1 virion host shutoff (vhs) mutants were previously derived in our laboratory on the basis of their altered ability to inhibit host protein synthesis in the presence of actinomycin D (43) . At late times postinfection in the absence of drugs, the vhs mutants nonetheless inhibited host protein synthesis, indicating that they were not deficient in the secondary shutoff function. The vhs mutation is not lethal, and cells infected with the mutants were found to express the normal repertoire of viral genes, although the rate and duration of synthesis of the ax (immediate early), P (early), and y (late) proteins appeared somewhat altered. At least one of the mutants was shown to be altered in a virion * Corresponding author. function which destabilized aL protein synthesis from preformed ot mRNA (43) . More recent studies have shown that synthesis of L and -y polypeptides from preformed mRNA is also prolonged in vhs-1 mutant virus-infected cells (24a) .
We report here that vhs mutants are also deficient in their ability to cause degradation of host mRNA. Additionally, we address questions regarding the mechanism of the vhs function and the specificity of mRNA degradation.
MATERIALS AND METHODS
Cells and viruses. African green monkey kidney (Vero) cells were obtained from the American Type Culture Collection and S. Bachenheimer (University of North Carolina, Chapel Hill). The cells obtained from the American Type Culture Collection were maintained in Dulbecco modified Eagle medium (GIBCO Laboratories, Grand Island, N.Y.) supplemented with 10% fetal calf serum. The cells obtained from S. Bachenheimer were maintained in modified autoclavable Eagle minimum essential medium (GIBCO) supplemented with 5% Serum Plus medium supplement (KC Biologicals, Lenexa, Kans.). These Vero cells are designated as Vero-s+ in the text.
The vhs mutants were derived from the HSV-1 strain KOS (43) . Working stocks of virus were prepared by infecting HEp-2 cells at 0.01 PFU per cell for 4 to 5 days, followed by three cycles of freeze-thawing (46) . For mock infections, cells were either exposed to mock inoculum prepared by harvesting uninfected cells as described above for virus stocks (experiments shown in Fig. 2 and 9 ), or cells were overlaid with medium alone (experiments in the remaining figures).
Infections in the absence or presence of drugs. Vero cell monolayers in 25-cm2 or six-well (35- (43) . The gels were electrophoresed at 15 mA for about 12 h in the presence of 0.05% Coomassie brilliant blue (3) .
Preparation and analyses of RNA. The cell monolayers were rinsed three times in ice-cold 0.15 M NaCl and then lysed and incubated for 12 to 15 h at 37°C in 1 ml of lysis buffer. Lysis buffer contained 0.1 M NaCl, 10 mM Tris (pH 8.0), 10 mM disodium EDTA, 0.8% SDS (Bio-Rad Laboratories, Richmond, Calif.; electrophoresis grade), 0.5 mg of proteinase K (E.M. Reagents) per ml, and 10 mM aurintricarboxylic acid (Sigma; see reference 14) . The lysate was then extracted repeatedly with 1 volume of redistilled phenol saturated with TE (10 mM Tris, 1 mM EDTA, pH 7.4) and 1 volume of chloroform-2% isoamyl alcohol. The final extraction was with chloroform-2% isoamyl alcohol alone, followed by precipitation with 3 volumes of cold 95% ethanol. The samples were suspended in sterile water, treated with pancreatic DNase I (56), precipitated with ethanol, and suspended in a minimum volume of 75% deionized formamide-25% TE. In a few cases, as noted in the figure legends, DNase treatment was omitted. The RNAs were electrophoresed at 3 to 4 V/cm in 1.2% agarose gels containing 2.2 M formaldehyde, as described by Maniatis et al. (29) . Northern blots were prepared by electrotransfer to Gene Screen (New England Nuclear Corp., Boston, Mass.). The membranes were dried for several hours at room temperature and then baked for 2 h at 80°C. The membranes were prehybridized overnight in hybridization solution containing twice the concentration of (33) was derived in our laboratory by L. P. Deiss. The human 28S rRNA probe pABE (9) was obtained from J. Sylvester (University of Pennsylvania, Philadelphia). 32P-labeled probes were prepared by nick translation followed by spermine precipitation (17) . The probes were denatured in sealed micropipettes in an ethylene glycol bath at 107°C for 7 min just before the start of hybridization. RESULTS HSV virions enhance degradation of actin and tubulin mRNAs. To study the effect of the vhs mutation on host mRNA stability, Vero cells were mock infected or infected with HSV-1 strain KOS, HSV-2 strain G, or the mutant vhs-1. To test for a virion-associated function (s), the infections were done in the presence or absence of actinomycin D, which inhibits viral gene expression. Nucleic acids were harvested at 3 h postinfection, and Northern blots were prepared. To characterize the extent of inhibition of host protein synthesis, infected-cell proteins were labeled with [35S]methionine in parallel cultures and analyzed in SDSpolyacrylamide gels.
The results of two such experiments are shown in Fig. 1  and 2 . Lanes 1 to 3 of Fig. 1 show that wild-type (wt) HSV-1 (KOS) inhibited host protein synthesis early postinfection, while the vhs-i mutant did not. Lanes 4 to 7 show that HSV-1 (KOS) had the same inhibitory effect on host protein synthesis in the absence of viral gene expression. HSV-2 (G) effected even more pronounced reduction under these conditions, while the vhs-i mutant had no effect. These results are consistent with previous studies which showed that HSV-2 inhibited host protein synthesis more rapidly than did HSV-1 (11, 16, 42) and that the vhs-i mutant was defective in the virion-associated shutoff function (43) .
Lanes 8 to 14 of Fig. 1 show a Northern blot from this experiment, probed with a human oa-tubulin cDNAcontaining plasmid (5) . Infection with HSV-1, and more so that with HSV-2, resulted in pronounced loss of a-tubulin mRNA, whereas no loss of this host mRNA was observed in cells infected with the vhs-i mutant. Loss of a-tubulin mRNA in wt virus-infected cells also occurred in the presence of actinomycin D. This idicates that a factor(s) associated with virions of HSV-1 and HSV-2 caused a reduction in the level of this mRNA species and that this reduction was due to an enhanced rate of degradation. In accordance with the effects of these viruses on protein synthesis, mRNA degradation was more pronounced in HSV-2-infected cells than in their HSV-1-infected counterparts, and no degradation was observed with the vhs-i mutant.
To test whether degradation of a-tubulin mRNA occurred during mRNA extraction, a mixing experiment was done in which RNAs from infected and uninfected cells were prepared in two ways. Lane 15 of Fig. 1 (ii) hsp70 mRNA was more abundant in vhs-i mutant of RNA samples prepared separately from infected and uninfected cells and mixed just before loading on the gel. If enhanced degradation had occurred during preparation of the RNA, one would expect it to have affected the mRNA in lane 15 substantially more than that in lane 16. As this was not the case, mRNA degradation must have occurred within the intact infected cells. Figure 2 shows the results of a similar experiment in which a human ,-actin cDNA-containing plasmid (15) hybridized with the human P-actin cDNA probe (15) . The inability to reduce host protein synthesis in the presence of actinomycin D (43) . These mutants were studied in the experiment described in Fig. 3 . 11) showed that the mutants vhs-i, -2, -5, and -6 exhibited various degrees of virion-associated host shutoff at the two temperatures, in accordance with the previously observed phenotypes of these mutants (43 To test these predictions, the experiments shown in Fig. 4 and 5 were done. Specifically, cells were treated with the drugs shown, nucleic acids were harvested at 3 h postinfection, and proteins were labeled from 2 to 3 h postinfection. Protein synthesis and host mRNAs were also examined early (3 h) and late (9 h) postinfection in the absence of drugs. Lanes 1 to 3 and 8 to 10 of Fig. 4 and lanes 1 to 3 of Fig. 5 show that protein synthesis in cells infected with the wt KOS and vhs-1 mutant viruses proceeded normally in the absence of drugs. Lanes 4 to 7 of Fig. 4 and lanes 4 and 5 of Fig. 5 revealed that the drugs used had the expected inhibitory effects of protein synthesis. Both cycloheximide and emetine are known to freeze polyribosomes by inhibiting ribosomal translocation. At the concentrations used (10-4 M), cycloheximide inhibits both translation initiation and elongation, while emetine preferentially inhibits the elongation process (40, 58) . Sodium fluoride disaggregates polyribosomes by reducing nucleotide triphosphate levels in the cells (28, 30) , by directly inhibiting 60S ribosomal subunit attachment to the initiation complex, or by both processes (57) . Puromycin by interaction with the 40S, as well as the 60S, subunit (6, 23, 54) . Finally, verrucarin A, unlike puromycin, blocks only the first few rounds of peptide bond formation (57) .
Hybridization of the a-tubulin probe to Northern blots, shown in Fig. 4 and 5 (ii) Puromycin and verrucarin A had no significant effect on degradation of a-tubulin mRNA during infections with the wt virus, whereas pactamycin had a slight inhibitory effect (Fig. 5, lane 10) .The effect of sodium fluoride on HSV-induced mRNA degradation could not be precisely determined because the drug most likely inhibits virus penetration into the cells (data not shown). These results indicate that mRNA, which was not present in polyribosomes, was nevertheless susceptible to wt virus-induced degrada- (iv) Neither cycloheximide nor emetine, which interfere with ribosome translocation, significantly inhibited degradation of ot-tubulin mRNA induced by the wt virus (lanes 16  and 19, Fig. 4 ). These observations suggest that mRNA degradation was not a consequence solely of inhibition of initiation of host protein synthesis and subsequent runoff of ribosomes. These results are consistent with the findings of Fenwick and Walker (13) , who observed that host polyribosomes were disaggregated during HSV infection in the presence of cycloheximide.
Taken together, these four points suggest that wt HSV, but not the vhs-i mutant virus, induces degradation of both polyribosomal and nonpolyribosomal host mRNAs in Vero cells. This activity may be the cause of polyribosome disaggregation.
Secondary shutoff involves degradation of host mRNA. As noted in the introduction, the mutant vhs-i inhibits host protein synthesis at late times postinfection. (Fig. 6) revealed a difference between the wt and the vhs-1 mutant in the degree of inhibition of host protein synthesis. However, the vhs-i mutant was able to shut off host protein synthesis at late times postinfection, in accordance with previous results (43) . The pattern of synthesis of the viral proteins will be discussed below.
The hybridization patterns (Fig. 7) revealed two major points. (i) The vhs-1 mutant was able to reduce host mRNA levels at late times postinfection, in parallel with its effect on host protein synthesis.
(ii) The vhs-i mutant did not reduce host mRNA levels to the same extent as did the wt virus. Thus, the late viral function(s) which contributed to the loss of host mRNA did not fully compensate for the vhs mutation.
Levels of host mRNA in the presence of PAA. The role of late viral gene products in host shutoff was studied further with PAA, which inhibits viral DNA replication (2) and does not allow normal expression of late (-y) viral genes (reviewed in reference 44) . RNA and [35S]methionine-labeled proteins were analyzed at different times after wt KOS virus infection in the presence or absence of the drug. The results are shown in Fig. 8 (lanes 13 to 37) . As expected, in the presence of the drug there was delayed shutoff of the ,B polypeptides (e.g., infected-cell proteins 6 and 8 [ICP6 and ICP8]) and reduced synthesis of y proteins (e.g., ICP15).
The Northern blot in Fig. 8 (lanes 13 to 37) was probed with the ,B-actin plasmid. The results yielded two conclusions: (i) PAA did not inhibit early (presumably virioninduced) degradation of actin mRNA, and a rapid decline in the level of actin mRNA was attained by 3 h postinfection in the presence of the drug (lane 27). (ii) The level of ,-actin mRNA transiently increased at late times postinfection in the presence of PAA, as seen most clearly at the 9-h time point (lane 33, Fig. 8 (43) . Viral mRNA is more stable in vhs-i-infected c4 studies from our laboratory (43) have shown infected with the vhs-I mutant, synthesis of ax I preformed ax mRNAs persisted for long perio' tion of actinomycin D, whereas only transie synthesis was observed under the same condi infected with wt virus. Moreover, the functioi destabilization of cx protein synthesis was s associated with purified virions, suggesting thz diated by the vhs function (24a, 43) . In the pres( showed that the differences between the vhs-: the wt virus correlated with increased stabilil some of the viral mRNA species.
RNA samples from the time course experim Fig. 7 were used to prepare another Northeri viral DNA probe was used to detect several v The labeled proteins from this experiment are s 6. In accordance with previous results (43) , s ences between the vhs-i mutant and the wt viru Specifically, for the vhs-i mutant, expression was prolonged (particularly that of ICP27), shutoff of , protein synthesis was observed e postinfection (e.g., ICP6 and ICP8), and some synthesis of -y proteins was noted (e.g., ICP15
The RNA samples were probed with pJD101, a cloned repeat unit of a defective HSV genome, representing coordinates 0.944 to 1.00 of the viral DNA and including the entire inverted repeat sequences of the S component (33) . The map shown in Fig. 9 is based on the study by McGeoch et al. (32) and indicates this probe should hybridize with seven different HSV transcripts. Although not mapping . @ ** * , within the coordinates of pJD101, the US1 transcript conu tains sequences from the inverted repeat of S and thus should also hybridize with this probe. Figure 9 shows dark (lanes 1 to 10) and soft (lanes 11 Fig. 2 and have already been discussed. The Northern blot shown in Fig. 10 was probed with a plasmid containing the HSV-1 BamHI P fragment (34) . This fragment spans the 3.1-kilobase rightmost sequences of HSV-1 (F) DNA and was expected to hybridize only to the ICP4 transcript (denoted as 4 in Fig. 10 ). However, it is noteworthy that two additional species were seen in the blot. The first, just above the ICP4 mRNA band, appeared in all of the lanes, including the mock-infected sample, and most likely represented weak hybridization to the 28S rRNA species. Such nonspecific hybridization was also observed with the pJD101 probe when hybridized at the same temperature (48°C). A second high-molecular-weight species can be seen in two of the lanes. The nature of this band and the reproducibility of this observation are unclear.
The hybridization patterns revealed the following. Several independently derived mutants altered in their ability to cause primary shutoff of host protein synthesis (vhs mutants) were found to be deficient to various degrees in the ability to induce host mRNA degradation. The extent of mRNA degradation correlated well with the extent of inhibition of host protein synthesis. This finding suggests that inhibition of host protein synthesis and degradation of host mRNA are mediated by the same virion-associated function.
HSV has been shown to reduce the level of host mRNAs in a variety of cell types (1, 12, 19, 20, 31, 35-38, 48, 50, 51 (12) showed that an HSV virion component reduced the level of host mRNA in Vero cells, as assayed in an in vitro translation system. Schek and Bachenheimer (48) (38) . However, it is noteworthy that globin mRNA was quantitated in these studies by liquid hybridization kinetics, and degradation products of the primary shutoff process may have been sufficiently large for hybridization to occur. Also, globin mRNA is known to be very stable (58) (27, 49, 55) . However, these transcripts are stabilized by cycloheximide treatment, whereas, as shown in this paper, cycloheximide has no effect on vhs-induced mRNA degradation. (ii) Cayley et al. (4) have shown that infection of human Chang cells with HSV-1 or HSV-2 did not induce the ppp(A2'p)nA-dependent RNase. Furthermore, in cells which were infected following interferon treatment, the activity of this enzyme increased only at late times postinfection. Thus, if a cellular RNase is indeed induced by the vhs-i function, it is unlikely to be the enzyme which is involved in the interferon response system.
The role of the vhs-I function in virus replication. As already noted, the half-life of viral mRNA was also prolonged in cells infected with the vhs-i mutant. Although the effects on host and viral mRNAs could be mediated by two separate viral functions, both mutated in vhs-i, other studies suggest that this is not the case. Thus, the ot proteins are overproduced in cells infected with any of the independently derived vhs mutants (43) . More recent studies (24a) have shown that the stability of ct mRNA was indeed reduced by a component of the infecting wt virions. Also, the duration of synthesis of 13 and y proteins following actinomycin D addition was increased in vhs-i virus-infected cells (24a) . Finally, a mutation(s) which affects the functional stability of the ca, 3, and ry mRNAs has been mapped within a 6-kilobase-pair segment of the virus genome (A. D. Kwong, J. Kruper, and N. Frenkel, manuscript in preparation). Taken together, these data suggest that the wt virions contain a single gene product which indiscriminately destabilizes most, if not all, infected-cell mRNAs.
The vhs function could play a versatile role in viral replication. First, shutoff of expression of host genes may allow better utilization of the translational machinery of the infected cell for expression of newly synthesized viral mRNAs. Furthermore, it could be advantageous to the virus to limit induction of stress proteins, such as HSP70, which may constitute a response mounted by the cells to virus infection. Finally, the decreased stability of most infectedcell mRNAs may permit rapid transitions in the expression of specific groups of viral genes, the transcription of which is sequentially activated as infection progresses. Although the vhs function is not essential for virus growth in culture (43) , recent studies have shown that wt virus possesses a growth advantage over the vhs-i mutant (Kwong et al., in preparation). Further studies are needed, however, to assess the role of the vhs function during infections in the human host.
